Abstract Neutron imaging as a method for non-destructive studies takes advantage of the alternative contrast mechanism of neutrons compared to X-rays: most of the light elements feature high contrast, whereas heavy elements are relatively transparent to neutrons. In the previous decade, the neutron imaging technique has made substantial progress in well-tailored and well-equipped beam lines, in improvements of the image recording quality and efficiency by new and modern imaging techniques, and in modern image processing tools.
nism with the sample material in neutron imaging is different from photon interaction: it is mostly caused by interaction with the atomic nuclei and not with the electrons as in the case of X-rays.
The application of neutron imaging studies to material research is manifold. For example, the non-destructive studies of welds, brazing, glue connections and corrosion are of industrial relevance, as well as the performance of electric fuel cells. The investigation of objects from cultural heritage like ancient sculptures opens new possibilities in different kinds of historical research. Furthermore, there are numerous applications in bioscience, geology, soil physics, nuclear power research and many others.
Although neutron radiography investigations are recognized as useful tools [1] since sufficiently strong neutron sources have been made available (about 60 years ago), the modern approach in neutron imaging differs dramatically from these early days experiments. There are at least three aspects which gave the push forward in this area: (i) the availability of advanced dedicated imaging beam lines at modern neutron sources, (ii) the development of digital neutron imaging systems and (iii) a profound understanding of the neutron transmission and scattering processes by simulations in combination with benchmarking experiments. The latter development was the basis for the quantification of imaging data and for neutron tomography in general.
State-of-the-art neutron imaging facilities should fulfill the following conditions:
• Dedicated beam line(s) at a strong neutron source The present overview describes the current situation in neutron imaging at the Swiss spallation neutron source SINQ (PSI, CH) with an outline about the facilities, the user program and some selected examples. It concludes with an outlook for further initiatives for methodical improvements and new challenging scientific applications.
State-of-the-art capabilities of neutron imaging and tomography
Among the 17 instruments installed at SINQ for different kinds of neutron applications there are two neutron imaging beam lines, one for thermal neutrons (NEUTRA [2] ) the other for cold neutrons (ICON [3] ). Figure 2 shows the layout of the ICON facility, which was set in operation in 2006.
As described in Table 1 , the two facilities differ in their specific properties. Thus, one has the choice to decide from case to case which of the two instruments is most appropriate for a specific study. Both instruments are equipped with suitable digital detection systems, i.e. CCD cameras, imaging plates or a-Si flat panel detectors. At NEUTRA there is also an option for imaging with X-rays, called X-TRA [4] , based on a 320 kV X-ray tube, which can be swiveled into the beam line such that the imaging optics is the same as for the neutron beam. Thus, the X-ray data can be compared or combined pixel-wise with the neutron image data. X-TRA has the option as tomography device, as well. Due to the Xray beam geometry (3 mm focal spot, 8 m flight path) the parallel beam approximation is nearly perfectly fulfilled.
Methods and performance
NEUTRA and ICON were designed as flexible, general user instruments, serving a variety of scientific research and industrial applications, integrated in the PSI user program [5] . To satisfy the very different requirements it is necessary to be very flexible in respect to the beam conditions, detector options, inspection methods and the necessary infrastructure. With the help of variable apertures and different imaging positions along the beam line one can find an optimum balance between beam collimation (expressed by the L/D ratio), the beam intensity and the field of view for the specific experiments' requirements. All technical details can be found on the homepages of the facilities [6, 7] .
Recently [8] , a micro-setup for tomography was made available for highest possible spatial resolution, close to the inherent limitations which are given by the intrinsic properties of the converter-scintillator detector, i.e. the range of secondary neutron capture products, which is of the order of some tens of microns. Under standard imaging conditions, the best achievable resolution is of that order, i.e. about 30 µm. In a special setup with a tilted detector an effective resolution of 10 µm in one dimension was verified [9] . This has been proven to be very useful for electric fuel cell research to observe the electrochemical reaction in the membrane "edge-on" (see below).
There are some other features implemented, such as the option for the inspection of highly activated materials where a suitable shielding is required, scanning of large objects across the beam area by means of remotely controlled xy-movable sample tables, and the infrastructure for gas supply (hydrogen, oxygen, nitrogen) and exhaust gas removal systems for the study of combustion related processes.
Hot topic: energy end mobility
Future mobility might not only be related to the combustion of gasoline or diesel fuel alone due to the limited resources and their environmental impact. New aspects are under consideration focusing on electric fuel cells, where hydrogen or methane and oxygen are combined in an electro-chemical reaction.
In this respect, one challenging research topic at PSI at present is the study the performance of electric fuel cells under various operational conditions. With the use of neutron radiography it is possible to investigate in real-time (up to 30 fps = video standard) the water accumulation inside Polymer-Electrolyte Membrane Fuel Cells (PEMFC) with high spatial and temporal resolution. One example of such studies is illustrated in Fig. 3 . Besides the high scientific interest in the electro-chemical processes there is important commercial relevance, since PEMFC are promising to replace combustion based vehicle driving systems in the future on large scale.
Still, the majority of motorcars are based on combustion engines. Therefore the potential for optimization of the combustion process towards higher fuel efficiency and pollution reduction must be exploited intensively. Neutron imaging methods can certainly contribute to this task because the engine structure is relatively transparent for neutrons, allowing insight into the interior where the moving parts and the flow distribution of fuel-and/or lubricant can be imaged in realtime by stroboscopic triggering of the image recording. An example is illustrated in Fig. 4 (note: the motion of the inner elements can be followed in an animation, which is obtained as a stack of individual frames in a stroboscopic sequence). Fig. 3 Investigation of a model PEM fuel cell with neutron imaging: structural information is obtained in the left image, whereas the water distribution is extracted in a reference mode (right image). These measurements were done with the tilted detector option [9] . Visible is the membrane in the center (50 µm) and the gas diffusion layer (GDL, 400 µm) around Fig. 4 Inspection of a cylinder head of a combustion engine with neutron tomography: the complex outer structure (left) can be visualized and measured and all inner components (right) as well. The most challenging task was to investigate the lubricant distribution inside the engine under operational conditions. This became possible due to the high contrast of hydrogenous materials (oil) in comparison to the relatively transparent metals (here Al) in neutron imaging applications There are many aspects for further research using the presently available neutron imaging capabilities: lubricant distribution under stationary and real operational conditions, soot filter performance during loading and unloading phases, fuel injection during operation of engines, study of casting parts in respect to material homogeneity. Neutron imaging can further provide alternative information compared to other (more conventional) non-destructive techniques.
Inspection of highly activated samples
The neutron-producing target of the spallation source SINQ consists of an array of lead rods clad in steel, more recently in Zircaloy (see Fig. 5 ). Because of the necessity to investigate used targets with regard to their mechanical integrity and for lifetime assessment of future targets, neutron radiography of highly activated irradiated target rods became an issue of major importance.
For imaging these target rods, due to their high activity with dose rates on the Gy/h level, only an indirect imaging method can be used. Dy-loaded plates were used in the 1960's. When a neutron is captured, a beta-emitting radioactive isotope is created, which activates the plate that can be read by conventional X-ray sensitive photographic film. This method, although somewhat intricately, has successfully been used for nuclear fuel inspection, the burn up study of control rods or the study of pressure vessel material integrity [10] .
A new approach for such kind of investigations is based on imaging plates containing Dy, embedded inside the neutron/gamma sensitive layer, as proposed and introduced by Tamaki [11, 12] . After exposure in the mixed neutron/gamma spectrum and subsequent erasure of the neutron/gamma-excitations, the image arising from the Dydecay can be read.
Such an image obtained from a lead rod containing a thermocouple at one side is shown in Fig. 6 . Obviously, the thermocouple has been bent during operation, most likely by The 5th spallation target of SINQ, consisting of Zr clad (outer rows) and steel clad (central rows) lead rods with space for water cooling in between. Some selected rods were inspected with neutron imaging methods before (not activated) and after operation (highly activated) Fig. 6 Target rod of SINQ with lead filling after two years of proton exposure, inspected by neutron imaging methods using an adapted imaging plate method [11, 12] . Watch the inserted thermocouple at the right and the crack in the lead filling at the left levitation forces when the lead was partially melted. On the left side, a crack is visible in the lead filling, which occurred during solidification of the liquid lead. The darker area in the middle can be attributed to the accumulation of higher neutron absorbing spallation products, mostly Hg. The obtained spatial resolution is relatively high (0.05 mm) and the contrast is directly related to the attenuation of the involved materials. This inspection showed no indication for corrosion or damage of the cladding hull, which would have limited the lifetime of such kind of target elements in the future. The amount of hydrogen in the cladding was found reasonably low and distributed homogenously.
Phase contrast imaging
Usually, neutron imaging investigations are performed in a sample-detector setup with only a small distance d x in between. In this way, the limitations with respect to spatial resolution caused by beam divergence can be kept small. The image blurring by geometrical reasons u g is described by the relation:
If the beam is highly collimated (L/D > 1000), larger sample-detector distance can be tolerated. Furthermore, in features. An overview on the state-of-the-art of this method is given in [13] . There is another approach involving phase effects in imaging, i.e. the direct determination of the phase contribution to neutron-sample interaction. Considering the neutron propagation as wave type property, a complex neutron refraction index n can be defined as:
The absorption based contribution β can be determined in the "standard" attenuation setup, whereas the phase signal observation (δ) needs some special installation. As proposed and realized in [14], a separate phase signal for each sample material can be derived under certain conditions (in-line coherence, limited spectral range, phase stepping scanning with a grating interferometer). This method can be used to distinguish materials with about the same attenuation but different phase shift properties. An installation dedicated for phase contrast imaging is under way to be realized at the ICON beam line in due course.
Energy selective neutron imaging
The availability of cold neutrons at ICON opened another interesting method for material research, i.e. the study of structural materials (Fe, Ni, Ti, Zr, Al, Cu, . . .) in transmission mode near their Bragg edges. As shown in Fig. 8 , the Bragg edges are most pronounced at wavelength around 4 Angstrom and above, depending on the individual material. This behavior has several consequences: the transmission and/or contrast vary by a factor 2 and more when the energy passes the Bragg edge of a specific element. On the other hand, scattering artifacts occur at several energies as illustrated by the example of a weld in Fig. 9 , which gives indications about textured structure or strain streaks within the weld. These features result from the bulk and do not necessarily correspond to the structural information obtained at the weld surfaces after polishing and etching. The energy resolution of a mechanical, turbine type velocity selector [15] is of the order of 10-15%. As also shown in Fig. 8 this results in a smoother contrast variation at the Bragg edges. Narrower energy resolution is obtained by using single crystals, however, on the expense of intensity. The most favorable approach for best energy/intensity selection can clearly be expected by the time-of-flight (TOF) technique at pulsed spallation neutron sources [16] .
Future trends in neutron imaging
It is a real challenge to improve the spatial resolution in digital neutron imaging. The new high resolution tomography setup allows for new kinds of investigation also for industrial applications. As an example, the three-dimensional structural analysis of a diesel injection nozzle is shown in Fig. 10 . It shows how well the duct channels in the steel head can be visualized and measured dimensionally. On the other hand, the remaining diesel fuel can be imaged with high contrast due to the high contrast of hydrogenous materials for neutrons.
With the improvement of the energy resolution in neutron imaging it might be possible to see also internal stresses in structural materials. The advantage to use direct imaging for this purpose is the much higher spatial resolution compared to the point-wise scanning with diffractive devices. Although the neutron intensity becomes smaller and smaller with narrowing energy bands this approach is still justified when the performance and the output is compared to the existing strain scanning devices. In the future, using the TOF option at the new, most powerful pulsed spallation sources, i.e. SNS in the US or JSNS in Japan, even tomography studies might be possible.
It was demonstrated first at ICON [14] that a device for differential phase contrast measurements based on a grating interferometer is promising to extract additional material information complementing the common absorption contrast. In the meantime more studies were done, i.e. for the detection of magnetic domains in bulk materials. A user device is under construction for ICON which will enable routine experiments for phase dependent material effects.
Imaging with polarized neutrons, as well, is a promising approach for the investigation of magnetic structures and phenomena. After first feasibility studies there is potential for improvement of the setup regarding spatial resolution, field of view and sensitivity for magnetic fields. The beam line FUNSPIN at SINQ [17] , providing a polarized beam, can be modified in the future to a test device for polarized neutron imaging.
Summary
Neutron imaging is established at PSI as a well accepted research method within the suite of experimental devices around SINQ. The two well-equipped neutron imaging facilities deliver high flexibility in the user program and in the service for industrial partners. Some new and challenging approaches are in preparation or envisaged for the future progress of neutron imaging at SINQ: differential phase contrast, energy selection imaging, polarized neutron application, which after the successful installation will be made available to the user community.
